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АВ5ТКАСТ 

Field effect transistors have several characteristics which are 
distinct from those of standard bipolar transistors. In this paper 
a study is made to see if any of these characteristics can be advan- 
tageously utilized to generate r-f power. 

A conventional class-C FET r-f power amplifier is analyzed 
following a semigraphical method similar to that used for vacuum 
tubes. Some advantageous characteristics of the device are discussed 
along with some drawbacks. в 8 

The applicability of FETs to pulse-excited r-f power generation 
circuits is investigated and the device limitations in this field of 
application are discussed. 

Finally, the combined use of an FET and a conventional bipolar 
transistor, to overcome the respective limitations, in an efficient 
г-Ё power generation circuit is studied. A practical working model 


of this hybrid circuit was built to illustrate its advantages. 
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l. <iInvroduction 

Field effect transistors (FETs) possess several superior character- 
istics over the bipolar transistors which are useful in some applica- 
tions. Some of the characteristics of FETs distinct from those of the 
standard transistors are their high input impedances; low noise fig- 
ures; low sensitivity to radiation and ambient temperature changes. [11] 
These are not the only characteristics inherent to FETs. Many more 
intrinsic operating characteristics suggest ingenious electronic cir- 
cuits for particular applications. One such example is an FET micro- 
power amplifier operating at extremely low power levels with very high 
voltage gain; 60 decibels of voltage gain at a power drain of less than 
100 microwatts. (14) This amplifier circuit is developed from a less 
apparent characteristic of certain FETs, i.e., a higher ratio of trans- 
conductance to drain current at low values of drain current. 

Although FETs have an extensive history and many application notes 
are found in the literature, there seems to be no discussions on the 
use of this device as an r-f power generator. With this and the above 
mentioned as a motivating factor, the FET in r-f power generation cir- 
cuits is studied in some detail with particular attention paid to the 
advantageous use of device characteristics. 

As for the vacuum tube and the bipolar transistor counterparts, 
the efficiency of the device and the circuitry becomes a significant 
factor in the r-f power generation problem, particularly if the output 
power level is relatively high. There are many applications in which 
amplitude linearity between input and output is not necessary. This 
fact makes class-C or equivalent operation of r-f power amplifiers 


possible and at the same time enhances the overall system efficiency. 
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The overall efficiency of the system is improved through the fulfill- 
ment of the customary design objectives of a class-C or equivalent 

r-f power amplifiers; i.e., (1) high device éfficiency, (2) large 
available power output with a given device, and (3) low excitation power 
required for proper operation. 

Ihe study results given in the subsequent sections show that the 
FET used as an r-f power generator is inferior to the conventional bi- 
polar transistors as far as power output and collector efficiency are 
concerned. These are the prime factors of the overall amplifier 
efficiency. This conclusion is drawn from the investigations of sev- 
eral devices and from technical articles available to the writer during 
the course of study. This claim is based on the present state-of-the 
art of FET design and production. 

Although the drain efficiency of the device is poor, the device 
has some advantages which are discussed in the pertinent sections. 
Moreover, the advantage of the FET becomes pronounced when it is used 
with a conventional high efficiency switching power transistor in a 
suitable circuit configuration. With this hybrid circuit concept, all 
of the design objectives of the class-C or equivalent r-f power ampli- 
fiers mentioned above can be achieved. This is illustrated by the 


test results of an appropriate circuit. 
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2. Basic Operation and Characteristics of FETs 

A unipolar field effect transistor is a semiconductor current 
path device whose conductivity is modulated by an applied transverse 
electric field. The main distinction between the operating mechanism 
of the conventional bipolar transistor and the FET is that the current 
flow through the device is predominantly by only one type of carrier in 
the case of an FET, while both majority and minority carriers are in- 
volved in the case of the conventional transistor. Hence the term, 
"unipolar", refers to the FETs; and "bipolar" to the conventional trans- 
istors.  Expressed differently, bipolar transistors are current con- 
trolled devices while the unipolar FETs are voltage controlled devices. 
This difference of controlling the current through the device ig shown 


in Fig. 1 for the common emitter and the common source configuration. 





(a) (b) 


Figure 1. Different methods of current control by using bi- 
polar and unipolar transistors. 


(a) i, is controlled by i, (with in constant) 


(b) iq is controlled by v, (with VDD constant) 


g 
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There are two basic types of FEIs available at present. These 
are: (1) junction gate type, and (2) insulated gate type FETs. As 
explained below, the junction type FETS operate in the depletion mode 
only, while the insulated gate type FETs have two modes of operation, 
namely the depletion mode and the enhancement mode. 

Since either N (electron conduction) or P (hole conduction) type 
semiconductors can be used as the current path of the devices, N or P- 
channel devices can be constructed. The following discussion is based 
on N-channel devices but also applies to P-channel devices if all polar- 
ities are reversed. 

The basic junction FET construction and the normal operating bias 
condition is shown in Fig. 2. Referring to Fig. 2, the approximate 
channel conductance G, between source and drain terminal is given by 


the relation [2] 


G = x. = к (бй 


where 6 = conductivity of the channel 

q Ies charge 

AL= majority carrier mobility 

N = Electron density in the channel 

and W, T, L are as defined in the figure. 
The baSic principle of the junction FET is to control the effective 
channel thickness T, and hence the channel conductance, by use of the 
depletion region formed by the reverse biased P-N junction between 
gate to source or drain. 
A typical output characteristics of a junction FET is shown in 


Fag. 3. 
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Figure 2. 
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The basic construction of a junction 
field effect transistor 


- Normalized drain current 


DSS 


1/1 
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ds 7 Drain to source voltage (volts) BV 


Figure 3.  FET I, versus V_ output characteristics 


D 
The terminology and the parameters which are used below are defined in 
reference 3. They are: drain current with gate shorted to source Inss?» 
pinch-off voltage Vp? gate-to-source current with drain shorted to 
source (or drain open) Iggg (or Tagg?» breakdown voltages BVoso? 
BVans BVass » BVopo and common source forward transconductance Ses 
The other type of FET, the insulated gate type, operates in a 
similar way but with some difference. As the name of the device im- 
1тһе subscripts "S" have different meanings depending on the 
position in the subscripts. Ап "5" for the first or second subscript 
identifies the "source" terminal. Ап "5" for the third subscript is 
an abbreviation for "shorted" and indicates that all terminals nct 


designated are tied to the common terminal represented by the second 
subscript. 
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plies, the gate electrode is insulated from source, drain and the chan- 
nel. Therefore, this type of device allows enhancement as well as 
depletion of the charges in the channel, and permits operation with 
zero bias, which is impossible in junction FETs. In this paper a par- 
ticular kind of insulated gate FET, the Metal-Oxide-Semiconductor 
Field-Effect Transistor (MOSFET) is described for the applications in 
the subsequent sections. 

The basic construction of an MOSFET is shown in Fig. 4 in sche- 


matic form. 












Insulator 
(thermally grown 
silicon dioxide) 


heavily doped N-type channel heavily doped 


P-type substrate 


Figure 4. Schematic representation of a MOSFET 
construction 


The degree of the gate electrode coverage of the channel and/or over- 
lapping the source and drain regions varies for different mode type 
MOSFET. (4] 

In the depletion mode, the charge carriers are present in the 
channel with zero gate bias. Reverse biasing of the gate depletes 
this charge and reduces the channel conductance. In the enhancement 
mode the charge carriers are not present in the channel with zero gate 


bias, and the forward biased gate enhances the channel charge and 
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increases the channel conductance. Forward (or reverse) biasing of the 
gate means positive gate potential (or negative gate potential) for an 
N-channel device as shown in Fig. 4. 

Examples of output characteristics for enhancement mode transis- 
tors are shown in Fig. 8 and Fig. 13. From these figures and Fig. 4, 
it can be seen that varied output characteristics are possible merely 
by changing the doping levels. This property of the enhancement mode 
FFT enables class-C r-f amplifier operation in a zero bias configura- 
tion. The most noticeable features of this device pertinent to the 
application of r-f power generation are its very high input impedance, 
typically 1012 to 1014 ohms, and its gradual saturation switching 
characteristics. (4) This latter characteristic of present MOSFETs is 
one of the disadvantages of this device for r-f power generation. As 
a comparison between the bipolar transistor and the MOSFET saturation 
voltage, reference 4 gives a typical value of 3 volts for bipolar trans- 
istors and about 12 volts for an FET. 
Summary 

Field effect transistors possess several advantageous properties 
as mentioned in section one. They also have disadvantageous properties 

жүн 

as well, as given in this section. The following sections study some 
of the pertinent characteristics in connection with class-C or equiva- 
lent r-f power amplifier circuits, seeking the best application of the 


device. 
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3. Class-C R-F Power Amplifier 

High efficiency is extremely important in the r-f power genera- 
tion stage, not only in economizing on the supplied power but also in 
permitting large power outputs to be obtained from relatively small 
devices; both of which the transistor user often desires. These prime 
objectives of r-f power amplifiers are achieved by operating the device 
in the class-C mode of operation. 

As for conventional vacuum tube class-C r-f amplifiers, class-C 
operation occurs when the drain current conduction angle is less than 
180 degrees. High efficiency in class-C operation is the result of the 
fact that the drain to source supply voltage Vpp supplies energy to the 
amplifier only when the largest portion of this energy will be absorbed 
by the tuned circuit at the drain, maintaining a low^power dissipation 
in the device. This relationship can be seen from the oscillograms of 
class-C r-f amplifier drain voltage, gate voltage and drain current 
wave forms illustrated in Fig. 5. The basic class-C cmplifier circuit 
with a parallel tuned load is shown in Fig. 6. 

Since there are two types of field effect transistors available, 
namely the junction types and the insulated-gate field-effect types, 
both types should be investigated. However, the characteristics of 
the junction power FETs which were available to the writer revealed 
that they were not suitable devices for conventional class-C operation. 
This is due entirely to their operating limitations described below. 

The junction FETs operate in the depletion mode only. For normal 
operation, the gate-source junction is reverse biased. As this junction 
becomes forward biased, the input impedance drops to a value comparable 


to ordinary bipolar transistors and the advantage of using FETs as a 


та 


уа 


Va (saturation voltage ) 


ЕА 





Fig. 5 Class-C r-f Amplifier Drain, 
Gate Voltages and Drain Current a 
Wave nem (P-Channel Device) T 


^^ 


AN 


high input impedance device is lost. Therefore, the gate-to-source 
voltage swing is limited by the Ув = O condition in one of the half- 


cycles of the input excitation voltage. 


P-channel MOSFET 





ما 


The amplitude of the other half-cycle of excitation signal voltage is 


Figure 6. Basic Class-C FET Amplifier 
Circuit Configuration 


limited by the gate-to-source reverse breakdown voltage BVas * For the 
devices available to the writer, Crystalonics' junction power FETs 

CP602 and CP603, BVos was equal to the pinch-off voltage Vp. For class- 
C operation it is necessary to have BVag at least greater than Ур This 
relation is illustrated in Figure 7. Upon noticing this limitation of 
these particular junction devices, consideration was given to other gen- 
eral junction FETs. The data for “most junction devices found in the 
manufacturer's specification sheets and technical publications avail- 
able to the writer, indicated that the difference between the gate-to- 
source reverse breakdown voltages and the drain current pinch-off 
voltages were not large enough for class-C operation at геа а close 
to ideal conditions; i.e., maximum excitation swing limited by Vaa = O 


GS 


condition. 
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Е conduction region 
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nonconduction region 
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92 
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Figure 7. Limitation of Excitation Voltage Amplitude 

Since this limitation of junction devices can be removed in the 
u open described in the next section, and since there are 
other types of FETs which do not have the limitation mentioned above, 
the following discussion of FET application to the conventional class- 
C r-f power amplifier configuration is directed only to the insulated- 
gate type field-effect transistor. In particular, an enhancement mode 
MOSFET is used as an example. The reason for this choice will appear 
in the course of the following discussion. 

As with the vacuum tube counterpart, a mathematical analysis of 


the class-C tuned FET amplifier is complicated and the use of design 
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charts is a plausible approach. Although this method is only approxi- 
mate and lengthy, it is directly useful in design since an explicit 
Solution for the optimum operating conditions can be obtained from the 
semigraphical analysis. 

Due to the nonsinusoidal wave form of the varying components of 
drain current ig, the path of operating points is not a straight line 
on the ig versus vg characteristic chart, which is the only one sup- 
plied by most manufacturers. However, it is shown that the path of 
operation on the constant current characteristic curves is a straight 
line for a class-C amplifier with a parallel tuned load. [5] To make 
use of this advantage, the constant current characteristic curves are 
plotted from output characteristic curves, Fig. 8, and a few measure- 
ments for a positive value of von When the path of operation is 
superimposed on the constant current curves, the values of the average 
and fundamental components of the drain current are obtained from the 
wave form of the drain current. These values are then used to evaluate 
the amplifier performance. 

Since the path of operation is a straight line on the constant 
current curve, this line can be located by determination of two points. 
These points are related to the fundamental factors controlling the 
behavior of class-C amplifiers, i.e., peak drain current during the 
cycle, saturation voltage V. › conduction angle Өз» апа drain supply 
Уру: Тһе leakage current is so small for the MOSFET that it can be 


neglected in this application. 


lpositive Vag for N-channel devices and negative Vos for P- 
channel devices. 


2 Рог example, Ios - 100 picoamp at Vas = -50 volts, Vos = 0 
for FN1034. | 
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The straight-line path of operation in the first and the last 
quadrant of the cycle is shown in Fig. 9. Withwt equal to zero, the 


point P is determined by v and V,- With wt equal to 27/2, the point 


gmax 
Q is determined by Vog and Vppe The distance along the line between the 
operating point and point Q varies as the cosine of the phase angle in 
the cycle. Superimposing this operating path on the constant current 


curves, as shown in Fig. 10, the drain current at particular times in 


the cycle may be determined. 


y cot 
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Figure 9. Path of Operation on the Vg VS Vg coordinates 

For a systematic analysis of the amplifier performance using a diagram 
like Fig. 10, the suggested procedures of reference 5 are closely fol- 
lowed. То get specific results from the investigation, an r-f power 
amplifier stage is analyzed for several operating conditions using an 
FN1034 P-channel enhancement-mode MOS field-effect transistor. Again, 


the objective of this analysis is to determine if any of the FET char- 


acteristics can advantageously be employed to generate r-f power. 
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The illustration shows that by proper choice of the device and 
the operating conditions, several characteristics can be utilized for 
this purpose. Also the illustration shows that the device efficiency 
or the power output can be maximized by proper choice of operating con- 
ditions. | 

For optimum use of the device, maximum safe operating conditions 
must be considered. The — safe drain supply voltage is equal to 
BVpg/2. Maximum safe excitation voltage amplitude Eg is determined by 


Vea» ВУ and BV, .. This relationship is shown in Fig. 11 for the 


GSO GDO 
FN1034. With Урр = BVpg/2 + 7 volts, Eg is determined as follows: 
From the BVono limiting condition; 
c Е £ 
Е, № | Усе | 50 ог 
2 — 
Eg 57 + | Vac] (3-1) 


E is also limited by; 


4. 
Е + Уеа | + & 12 or 








VID 
4. 
& € 5- [vo] (3-2) 


From the ВУссо limiting condition; 





Eg + Vac | £ 12 or 

Eg #12 - | Voc | (3-3) 
and also 

Eg ¬ | Усс | € 50 or 

B, £50 + “ов | (3-4) 


Referring to the above four relations, it is apparent that very large 
values of Ес» over 50 volts, may safely be applied to the input termi- 


nals if only the positive half cycle of the excitation voltage is 
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limited to the value given by relations (3-2) or (3-3), whichever is 
the smaller value of the two. This is permissible since we are using 
the negative half cycle or less of the excitation voltage to make the 
device conduct, the device is then cut off during the positive half 
cycle or more of the excitation voltage. The study of the electrical 
characteristics of the device shows that the gate excitation power Po 


X 


is very small even with an E, of 50 volts. Using the relation (1) 


5 


раг 


е ас 
> 5 5 
and the gate leakage current сен at Vesp = -50 volts and Урев = 0 
volts, 
P = 50 x 160 x 10712 
ex 
= 5 nanowatts. 
+12 volts 
2 Yep = 
g FN10 34 -50 volts 
+12 volts 
Vas 4 
кер Урр -50 volts 
t Уте= = -15 volts 
DS 


Figure 11. Maximum Safe Operating Conditions for FN1034 
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Table 1. Sample calculation of the amplifier performance. 
(operating condition @ in Fig. 10) 


Vop = 7 volts loque: = 7.5 ma 
Eg 225 volts i = 16.4 unit 
Vog = O volts n = X/awt = 18 

V = Е = 25 volts k = an integer 
gmax g 

NE = 1 volt Ез = 6 volts 
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14 (е) /г, + 2. la (=) | = 
/ >, ч E e 






+ ia (R) (51) =3.18 
К=Ь2,3.., 








=9 54 ти) >, = play =14 mw 
7.54 
Pa 7 4-9. SU = U «6 mw efficiency = 7 = £8 
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Even when the Vpgp was increased to -14 volts, the change of Icgp was 
not detectable with a Simpson 260 meter. This justifies the previous 
statement that the gate current can be neglected in the UNIO 
semigraphical analysis method employed here. 

The value of Усс is chosen by considering the conduction angle ба- 
For example, if 04 + Л, ог conduction during negative half cycle of the 
input signal, Усс = 0. For non-zero —— of Усс, the required value 


of E, increases, and for a given value of E, the output power decreases. 


5 5 
In this example E = 0 was chosen. However, class-C operation was ob- 
tained rather than class-B due to the nature of the device characteris- 
tics. Since Усс = 0; Vemax ^ Eg: 

Knowing the maximum safe operating conditions, several operating 
lines are chosen. These operating lines are drawn in Fig. 10 and 
several of the resulting drain current wave forms are plotted in Fig. 
12. The sample calculation of the amplifier performance at a particu- 
lar operating condition is given in Table 1 and the results of similar 


calculations for other operating conditions are given in Table 2. 


Table 2. Results of amplifier performance calculated for 
different operating conditions. 


Operating 
line Es V 


in efficiency | remarks 
Fig. 10 (volts) | (volts) 
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large output 
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high 


14 efficiency 





5T 








gx = m ч” 
ии И aa D UD] E & & ш @ I о о а тіз зігісіз | О О E ng CE 9] E. 3 EI ELE E) E99) (3 9 E E E E E E E E E E E (99 3 E] E (909 E CO. BRL. C CO CL CE E E E E EE E E E E EB BEB Em BB [9 B 

HAH Hae Н tinna Н Н Н Н Н Т НЕ n HH LEL 
dada iii И ред a ge о у ео О У о В О О О aaa aaa daa aaa о Г] ЕЛЕП Б] (] єз Ш] ШЕ ЕЕ Ей ШЕ ШЕ) Ей Ей Ий ШЕ Sea EY LLY | fate O 
MBBEBEBBÜBEBSEEEBESEEBBESBEBEBEBEBEBSEBREBNBEBEBNBENBBESSEBEENENBBBENREEBBESEEBBBEEEBNUENENENUBSEENEUBESBEBEBESENEENBENEEBNUENEBSEUENUBNENENENNEBSUBBEBBEBBBEBEUENNENBENEENEBEBBEBBEEBEBESENBENNEBNNBBBBENESEBBESEESERSEBBEBESTuEBEEBEBBEEBBBES 
ЭГІТІТІТІТІГІТТІГІТІТІГІЛІТІЛІГДДІГГІГГГІГГІІГЫЫО ІЦПІГІИГІГІІГІІГІГІГІТІГІГІТІТТГІТГІТТГГГІГГГГЦТГГТТГТГІГТТГТТГГТГЛИТІТГТТТІТГГІТГТТГТГТГТТГГІТІГТТІГГІТТТТТГГГТТТІГІТІІТІГІЛІГІТІГІТІТТІТІГІГІТТІПІІТІТІТІТІТІПІТІТІТТІГІТТГТ! 
ТТС О ЕГО ЕЕЕ ОРОО ЕО ОООО ОЕЕО T T a СЕЧЫ TT 
РИ a error aaa ы ш „ы Г aaa лө ги гр г 
TOTES aq Е ТА - НЕА HASH EE PE HERDER Se ee eee 
Тїї щщ л АГ ү ы н ш Р ү ү ыы лт ышт т ы КАМ ы Гыл IIA IA 1117 
NHEgNBBEBEBEBBEBEBENEEBBEBSBEBERSSEBBEESBREBSEBEERBBEREEBERBBEEBBEEREESSEBBESEBESP*"GBEEBEEP""NENSENEENEN""as5sEENENEP-T" 


En п A O ааа Да ааа 
EHRT OH TH РН AAA AAA AAA AAA As 990977974 


















E ГАТЫН ЧЕ КЛ "ГИЛ ЫЫ ЫЫ ы Т Гал Ше „г TIL E LLLI IESU РРО ТТТ ГРЕЕТ 
"ЕНЕ ИТЕ ҮЕ к=н Н Н ЕНЕВ ААА ААА Ee +++ + 
ГЕТЕ аҚ “ІН аа аа ааӘеееееееНәНҢасана ааа ааа ааа ааа ааа ааа аттты 
СТІТІТІТІПІТІГІГЕГІІЕЕ IR OR те ГЕННЕН НЕН ЕН На 0900 
У-У-У TH ыыт АСНА HORA АА 
Еа A A ЕНЕН HH "ТТІГГІТІІГІТІТГІГІІТГІТІІТГІТТІ 
Н ҒЫДА МКТ Ыччат чч 
С реа ааа Уҹ ыса аг гЦгПТаПацг ПТ Н Н НН ЕТ 
НҮ МҮМ LAS PASE ІТ л И лл л н Н Н Т 
HARE Т Ча атта А ын T ы н и IDAS чн Н EEE 
Ея ӘНЕ А НЕ АЕНА TASK КӘТІГГЕЫМГІГІЛГКЕКНІГІІТІГГИИГЛЛТТЕПИТТИГГТИГГГЕГГТТІТТТІГГТІЕТІГІПТІЛГІТІТІТІІТІІТІТІТТІЛІГІІТІТІТІТІТТІІГТІТТІТТІГІГІІТГІГІТІТІТІТІТІГІГІТІТГІГІГІТІІ 
БУУГА ЧОМУ ЧУР ннн 
УУНА РЫЗ ЫЧ ТТІ OTOL LLL LLL LLL ALLL LILA ALITTLE 
НИНИН ИНИН Too T ГГІТТТІТТІТГІЗТІТІТГІТТІТІТІТІТІТ! 
-БІГІІІТІГІІТІЕЕІГІТІТІСІТІЛІІТІГЛТЕІТІІИІЕІІМТІСГТЫ ТПІ1ІТЫПГГЧЦІТІГІТТЕТІІГІГІІГІІІДІТІГІГІІІТІТІГІЕШІТІІІ -ГІТІТТІТІТІТТІТІТІТІТТІТТІІТТТІТ! 
TTI TT TOT STÛ WÛ ÛÛ ы ы ы Н н RECZSENEGDISERSET"T" "^" asPFUREEEC OSUSEBNEBESEREBESEHEZBESESERERENEEESEEEBSSENESEEENC 
ЕНЕ АНЫН ааа аа TTI tit ар аре ПОШ ЕЕ ТҮГЕ ЕТТТ ТТЛ Л Л Т tt tt ee LL 
УААН rr tt te ГГГЕГТТІГГЕГТІГІГІТІТЕГТІТТІТТГГІН 
ЕЕЕ) ЕШ FROH ГЕННЕН ааа АЛЛА Мата SAO AAA E HHHH THT 
rey а ТЕНШ И К н н Ne eS HE sane sone ot Jae а еше ЕЕ шше o MAS НСО 
ГИТТИ T i ш: E => 2EB "ТП РТ BENENEREEREEEZSZEESHSNINENS^UZSLNEUGSSUNUNSDZNSEERNEBEEMZSN.SECENNNE 
Hypo SS EEEBE ы ЕН ЕН НЕЕ НЕ 
т Н К К Н oo Н Ыы He пвивпвиинишв 
та COCO ааа аса а а ааа ТЕН НЕ DATE TLC TEE OE O : 
ЕЕІТТІТІТІІІГІПГІІІТТІГГТТЕГІТІІПІТІІТТІЗЕТІТІТІІГІЛІГІГІГІПШЕГІГІЛ ГЕКГІІТТКГІ РЕ ІТІТІШЕІЕГІ ЕЕЕЕІІ ГІТ ТІ ЕІІТІГІГІЕ ТІТІПІПГЕТТТГІПШІТІТТГІГЕГІГІІГЕРЕГІТГЕТІТТІТІ 
ЕНЕ ааа ааа аа ааа ан қанда ЕНЕ КЕНЕН КЕНЕЕН ЕН ааа ааа ааа ааа. 
ЕГІТТІТІТТІТІІТІТІГІШТТТЕГІГ И ГТ Г е И А И Е а И KIA EEL И УД И ПТ е А УИ И до УИ А А И ИА А И 
тА НАА ЕАН а-ы АПТА ааа ааа ааа ааа ГЕТЕ Еа Гаага 
ЕНЕГЕ АНЫН ӘТІТІПІТІТТЕГІ ПІТІІЛҮГІПТТҮГІГІПГІТІГІТІ ТЫ ІІТТІЕРЕГЕТІШЕГГЕГІ ГЕЗЕІГЕЕТТІТГІ ГГ ГТГІГІТІТІТІТІТІГІТТІТЕТТІГГЕГТІТІГІЕЕГІТІЕЕІЕГІТІ ЗЕГТГІГІЕЕРТТІТІТГІТТТТІІІ 
AAA ЕЕ su НЕН К ЕТ НАН ЕН НЕН ЛЕ Н НЕКЕ ЕНЕНЕ НАН Н н Н ЕЕН O A ЕН СГІТІТТІГІБЕГІТІТІТІГІІТІТТІІ 
ТТГ ТІГІ AA TT таи N 5 aus а а а И И г Ти 
ГТГІПГІТІТІТІГІГІТТІНІІГІТІРІГІІІГІІГІГІІІІГІЕІГІГІІІ ГЛ ГІИТТТТІТПИОИИАААТИИИПТТИИЯАГЫЬІГІТІТІІГІГІІТЕЕТІТІ ГІТІІТІГІЕШТІТІГТІТІТІТІТТІТІТІТІТІТТІТТІТТІТІТІТТІТТІТТІТІТІІТІЕ-БТТТТТІТІТТІТІТІ! 
ПН лнн ЇЇ НН ЫН ЫТ elo ee SBT STITT e IIIIII 
TT TT OR TT TOO tS О me E a e TT Pt) ot 
HATO O AA AAA AAN SS ЕГ ЕЕЕ ЕЕЕ нн IO 


Гыл ш ш er OT ee eee see ооо ooo arar cara aaa a aaa aa fajas] aaa aaa aora laser Tae LEPE 
ГГ LLL aaa aaa aaa E Ci s, E CIE EL ELE SECO C3 EDD E C309. aaa ро бл ооо ear aa 


Е тА [ е уві 
ELA ES a oa os aaa aa Maa е. OT TTT SOLE EEE ТАН 


ПИ wA EI TE I DEE IT, | 2220 Ж ие а ше ашы е ісігі aaa leal aaa E Де лун оро АТГ 









ИИС: aaa ao alle al aca уу ae alejo ee Erre [ae lsat) olen) lal Toh hel 
It HH HR HALAL IPS th eS Pe Oe 
г ЕЕЕ eee | ПГ ГТГ ГИТЕ 
0000000000000 00000 000 ОСВЕа 1608000010006 02000е 1008800 aaa о де LEE LISE ау ео у а ее ИТ Ге 
a ооо ES CEE T ешлык ае Г БЕРҮҮ ГҮҮ esse eens eee else erre | Lt) el | al 
a TT TI ЕШ ы е лаа ы mome a T Eee LN E EEE REELLE LA 
Oe eee aaa al ao asa D E] C EL E lalo B e; D rg URB G9 E CE E OR UR. ELE LET E DL LE] CE] CE (19 D EO E. LEE LEES ILE CBE IL EL I L[D ELE. CE CO E Ig] IU ED e LU LEE EE ЕЕ 
ЕГЕС ОООО жЕ SE EC I eae засаовеввесевор Оббювжеш ATT TT a eee ae ту та 
AAA Sa tale aa ajaja aaa BBUBE. co aaa Іт” взеспшвевег евювсососеосеесос n i Fs T s] рер ТЕ Г 


ТТТ ГЕРЕРДЕР МЕ ЕЕЕ th rd аны ааа ааа ааа ааа ына SE ЕЕ ИА ТТЫ А 
ГТ ИГ ШШ Т Шү ЛАГ ҮКҮ ТИГТ ТҮҮЛ ҮҮТ МАЛТА ТҮТТҮ АТ Л 1 
ТОТО ТО ОЕ ТТТ ТТТ ТКТ ТТТ ТМГ ТУ ГТГ ГТГ 








УГ е еее зид ооо ое о О Де ое ео бо аси бо од фа ид Де e S n m И eel PAra rea ШШ 
Dogg ТОП ТТТ ТГ УТТИГ УТУ ТИТО ТТТ ТУТТА ГЕ 
t9 GE SES КЫЛГА wie 3E ] ] 
(AITITE STITT EJET EJTETTE ETTI TO ETT EE ITIER ITELT ESET ETTI ITTI TETI] SEL LEL LEL ізім із. 
ТТТ ГГ Тый ш a a AOL EEN ЕЕ ЕЕ шш а ы ү | 
ПО Тим р rra aloe ollo fo la! Дора ее E E] CD L2 ER (C CE ши 9. 3 B ЕЕЕ JE) (C) EDI) (8 C DD CD 3 B C jar fell 
ГТ ЛТ ИНГЛ OA AA AAA er ИТОГО ТГТУ ТГАТ ГТГ 
CT ИГ г 2оювовооесв вюововаешоро ү p po sp n] odd ge dpt LEITET] ETSI Т ГГ ТП 
d AA ЕН fo а „г лы Г ГОСТ ЕСА ГЕЕВ 
ООП ОмГУ ТУТ КТТ ГТГ ОСП ГГЦ ДГАГГХУГЛГТТТІІГІТІІГІЛААГО 
A АНИ HH O A HH EEE г Ыы DIT IE TE ГТГ 
ГҮ Г CACAO CO ТТТ ПОТТЕРА ТҮП 
TTT TT TTT Ty rr a a ee ee a a CA „ш ГҮЛҮ iri ТҮПҮТ ARA 07 
ГТ ы ү a a a ae a re a ro 





Н Ida 
ALEA 
Tit TTT TTT ia TT Tr a a A A OO OOOO COASTAL IEEE ГТ ГТ ИТ 1 е ТР ТЕ) 
v 


гт и н л ү л. „ш Г ш IBEEEBENEEEBS BEBESEENEESUEBEEEBNEEEBEEBES EN IEESEEEEBEEEBBEEBEREEUENBESBEMEBBEBEBEBREEBEBBEESEEENEBEERBEBBESEEBBERNEBEBBENI.B. Т Г 











ГРЕЕТ Тм ТТТ 


LLET ELTE ase re Ra EE р о о оС у aaa Дау о д ие Ds) 
ОТСТАЕТ] 





ы ое 


5 


LII, 

О Ты | % COLO O A Н O лл Лы ГТ ГЛ ГҮҮ ГГ ТИТ м Г TTS 
ОТТО ТАЯТЬ] ста 
13000101 | Te TE I eee eee РЕЕСТРЕ ЕР JI Tn 
LLO оу ala л Н ARA л Л л л Н 

ТТУ еее ооо те EB —-H-H--——4--r- BEE pA tp дав евозвосо ввюссоювебоповвввососово бвсессюоповеосебос овессешеее С вевосрсореавоса ПШ] И зюввюсюшиа 
rit Tyr rer rT og Te шшш eee eee ри eee eee 
Oak. HE EE A ARS + tee ee eee a eee eee eee 


ОПТ eee eae oo oa الل الل لا‎ -- ТТТ УТ 
Е ее В о о о aan aa aa ж е а о Ө 





ООПТ mEBEauEE!) BEEEBEEEERBI!BENEEEEEBEBENIIEBESESEBENESEBSEEEBBEEREBEENW. IEBENBBEBBEEBENEEBEEEBNEEEBSEEENEBEENBEBEBERENSBREESEREEBBSEBEREBEBBEEBEEEEREEBEBEEEBEBESBEREBBEEBRBNREEBEB».EBESBENEEBEEBES 
TONTE O C 444 I Е-Е -А------НН аа а-а-а за а аа--Б---- 2. CTT Te IT ] 
Eee OOo oOo ee ooo Ooo АР ТИ ТО 
LPT eT Tee ү ү НП HAHAA AT A ee ГЩЛ Г ЩЫ Pao PEE 
BEBEBEERBEBEREEEEGUSSSEDOSSSEDOODODESODBOBSSESBDSEOUIDUSSSSDSSENEOS TGOECOO)OSE)SOUEEBSDOO]YgO)SUBEEEDUaESUIOSSSEESUDOUDUDIEBSIIEEUDOD)MU]UOUOSEU UDDDOOS gEBIDSD)g,EELDSEDDD)ED)DUBBDILDOOSOODODOOmRNSE)D)p)]EEBREOODDO]SOS EEG иаи аи ааа аус раја CD 
r HHA AHHAA AA A A A A A 
BEBBBEBEEBBENBRBERSEBESGBERUSSBSSESSOSOUSSSSSSSESSEDSOSSESSSSSSSUREDOS WB Bı 1 BE BE E E AE bw EE E aaa aaa aa erre ое о ea faja lata! 
mer pr p gp pp ШШ НГ ЛГ ГТ ТҮТҮК ЛГ ГГ ГГ ТИТЛ J | 

[ic] jorge | p acr puppe p |] pw |] p pape | Esp] S pus [Jp ppp] ]- p pope e psi] fe аа uie" dpud s sug es о о n n i [S [s ps fs Es e pops m ppp p pe Tes ps pq pne o pun [s E o n n n e Fs sg S s n s n en f oa lla qe [Tog 

э Шла ш Шш ши Шш шш Шш ш ш ш 1 С] ШШ ШШ ЕШ COR ERR ES 3 оди aaa aa D. 3 E73 3 ауу араа d e CSI ECT. CO CES ESI CC [2] I LT. с aaa a ea LE. EE 9 EL C. E C C C3 EE B9 (99) E E E 03 lee ELE E) (B нр И ш ЛЕШ к CS 

E 


[ашыр aa рр аршы as aaa o o en enm pen s es on i p e e Fes pon n Js e o Eos Reo [s [o T Meo pn n en e s fm s gei T pep] Eg genae p p pres os] E s np pe ш еу аш ЕЕЕ раш ш ш 
СТЕ ИИИ ООО ЕПІТЕТ ОЕЕО ССО СОСО СООО ООСС 
ыл. ү ылы Шш. ш Иајајаб 
+ IH HH HH HH 4 I I IH ee dd 
aa aaa ao aaa aaa ge ep усаа аваа аре ара || | eee ae alae eee ola eal ee se eee eee ale ajja lea el ala) 


A PQ а-а ааа ааа N 









R E EPEE EEEE EEEE EEEE EEE EEEE EEE EEHEEHE 
uum 
ӘННЕН EEE EEE EE EE EEE EEE EEE EEE CREE EE EEE EEE EE EEE EEE EEE EEE EE EEE EEE EE EEE E Ee 
SCEPC НЕН EERE EERE EHE OH ЕНЕНЕ ЕНЕ ЕЕЕ ЕНЕНЕ ЕНЕНЕ ЕНЕНЕ ЕНЕНЕ ЕНЕНЕ. 
CECE CECE CEC CECE ECC ee ee eee ane FEH 


рые ом ма замы enum Ai v I? mm вв 


PR CN | i "Оз 93562 © 13434035 (272 





2:2 


|) m = шш aw - = 
ГРЕГ азау Изван ва заваараа араараа ааа! octanos jac isaac mac ate (lalola fabada! Ej Lh Sey ar pon [on pn o o e Pon ш" айа ЫЫТ Не | Ка] 
РС Гаара оо) Sirera aaa ao aloja fado [aja te la ССС ОССЕ CELTA II IE III III TE IT TE T TI TE TI IT IL 
тҮ ГЕ ЫЫ її P in em od fs fs |o Ri n o Fs e o on n E n [m o f i Ro n o Fn f s m Fe e T ЧЕСИ АИ ET] 98000000000000000000000008 
Е ГОРО ааа ара Роне س‎ Та ДД ео Вера рез Г ДЫ ү ЕЕ г аа а шн ша ы аы ЫЫЫ) її їл л н л л T TET T ETIT TT T TTT TTT TT 
тш шш ш шй кї тї Ей ШШ Ей ЕЙ ТТ ШЇ ЕШ ЕЕ] ae ВАША) alero Еш а aa РГ ET ЕЕ ЕГ ЕГ ДЕ ЕГ ЕЕ a ЕЕ “ЕЕ Та ы ҮЛЕ Це ЫЫ 
CL кю [ж ек ыышш TTE A -HAH ceo aaa aora Ет ЕЕ ан а ела ЕГ [ж тЫ ере ее ые К Tr es n fn [nf M e o fre ne Fs fe аи n p E left Carlo grato fal Elaja 
О ПНП ЕО 1 ETT ШШ ЫШ | TTITO у T Т Тїї лїї л ү л ү н OO 
“тт ТШ Srl al ora aaa ШЕ CODD СНОСИ А СООО АЕЦ 
РРР ГЕ ааа аа ШЕРІ тг) Етар UE D ET. 9 03 TEOLL ERA EI C E. E E39 CD C [9E] ED C. E] LELE ااا‎ Тїї її щщ н л н ү ын 
Мы aire Lea aa TIITII sola л л ш ш „ш ш-н ш шшш ТТ 
"ATL ajajajaja е е еее) A ajo jajajajajajajaja |с Те |е ее ЕЕЕ 3 9] 3 9] E) LT EJ C CLOS ИТТИ Л лү ү н ү Н ШШ ТТЕ ТТТ ТТТ ТТЕ ТТТ ТТЕ ТЕТ 
"Trote ajajaja ГІТІПІГІ TE ГГ L 20000000000000000000000000000000000000000000000000000000000002 СТЕ ОА ЕЕ ЕШ] + aaa НН Ce OLL 
"її Гө "Тїї СЕО - її үү л л н Н 
ҒНТТІТІГІТІІГЕГІІІГЕ ЕЕЕЕЕЕРІРІН Vt ГТТТТТГТИТ ТЛ ТТ Т Т ГГ Г ЕТ е 9E [9 2. ECL CO EL CD] C] EE] E] E] CLE CL CC] ID ELEC E GT “Тї її Л л ү Н 
MIS i. SRM, РГР фа Yn ОВ Пе а о о Да До о jajaa jajajajajajajaja ajajaja ae ОО в Eae LELE LEE La DL 
Ө“ГІТІТТІГІЛТІГІІІГІГГІТІГІТТІЛІГІ аы enl Шш ш ш ш шш БШ] ] шї ШШ ШШ ЕШ ШЕ ЖЕШ ЕП ШП] 1) ШШ ШЕ] ЁЗ 5 [у] ү: [1] (Е] 2 1] 1) ЕЛ Ш] ЕЙ Ей ЕЛ ЕЙ (7 Ей ЕЛ ЕЙ Ей ЕЙ Ей ЕЙ ЕЙ Ей (Е] [Е) ЭЯ ЕЛ ЕЛЕ ЕЙ ЕЙ ЕЙ Л) Г] [8 Га] ГЭ ЕЛ ЕШ “тү л Н EET 
штиашшшш шш шш шш arrasa alla [ш шш жЕ Ти] 1-5 СГІТІГІТІ ТІТІІШПІТІГІІІІТТІГТГІЛІТІТГІТІІТІГІТІТІГІТІТГІІІІЛІІІІ "ТТТ л лл Л 118] 
ГТТГІТГГІТТІГІГІГЕЕСЕГІЕРГЕГІЗЕГІЕІЗГІЕШЕІРІСІРІБІСІРІБЕ (е) Sobre Cotorra ПШ ЇЇ л + AAA T 
МЕГГЕ аре one fs] IU CUA AA A A A AAA EEE AAA үл TOT TOOT Л Н E L 
ERBEREREGBSREOOUSSSSEOECDOUSDOUIO alle ela "ГИТТИ Л раа rre jala 9 CS OL] irreal aaa aaa naaa ЫЫ Г а ГЫ ы ЕЕ р а ЕЕ а TY 
"TTTTLCEV IT T ЕЕ EEE E AME OC вовеаввусщо овезесесозсосесосонссососок:-- сосевевесосдовюсоозевесесосоворбовево cial oia aa eras oa вевосовевосевесвосоосп ГЕ ЕТ Г ДЕ ТГ Emm 1! 
пшипшишш и шишиши =шшшЕ Ш@& ш ш шш шг ole [aja] Fracc ЕГІРГІРІНІШЕ ааа а уауаау зау ајвја тС ү н ү ПОГ ПГТ 
"TE Lera taa ЕСГІТГІІСЕГІІЕЕЕГГЕРЕГІЕРІР Гараа араараа ега ара! BEBE SAA AS: BE BE! ПГТ ТАН О 
уе МЕТР! ae PY TT ET A 1 CA р К ا کر‎ Е LIU d^ $) в"... ч. 37 ИГ IT н л ү» CO EET 
EAE) ТСР ЕТТТ тїї A Л AMANTES ГЕК Ц Г А Шм? МЧ Н Г LL ТЫ 0000000200 00000000068 
гт ш ЕЕ ш | ا اا‎ 4 ГЕ Г 17) L E L E H ТИ В ш aaa catala pata ҮТТЕ Л ГГ Ө ө ILL 
"TUE jajajajaja ШШЩ ШЫ TAN повзвевазао а и о Деу аны AH tte ot СІТПІГТІТІГТІШІТЕТТТІ ІІ ГІЕГЕ ТІН ТҰ ма ГЕПТИЛ ГІ ТТТТТТІТІЛІЛІГІ 
mE E E GS LES (O9 ELE CO] C3 4 54+ -- HH et ТІТТІПГЕЕМЕГІГІТТІТГТІГІЛІ! HH | +. ГГ ПЛ ү LL] ] الالال‎ --- + aaa aa пт л 0238] 
гл ЫЕ Еа шш аавевсово ювесесевоооевювейобор ЗЕН А549. ГТГ | ГТ ГТ н ү ш И ЕЕ ЕЖЕ 
ташпиш шшш шш ш rues mile аара "її лл лл Lig PC Л К Н Тїї aaa perrera alo ш کا‎ E ا‎ E 
sanalads SH TH IH Тїї л ү Шы т Н и үл И н Н н н Шш TIT TT TT PAL a геоетс еее, 
"тїї Н | gamHa5E5EZSSHEBEÓZSSEEGEDSSESESDSUOOSSESSU)SSIOU AIII ТТЛ НЛ Үү 44 Hi 1000000000000000000000000000000000000000000000000000000000002000000000000000 
ТТПТТ ЛҮ ШЫ Тїї л л л Л LL] ІТІТІПІГІТТИІТТІГІТІІ ГІТ) ++ 000:1000000000000000000000000000000000000000000000000000000000000000000000000008 
"тт лү 4 Фа? ЕГТІІГІГЕГІГІ брао Г Г [а P s Pos [s fn n n p e Pop Pn n s D s ro а] HH ӨРІП AH H-H- mH- ---- amums SENI -Hi-- ч INBEBBBNHNEBREEBERBEBBEBBBEEBEBBES HIT I ПОТ. 
алии нано о вовсе сю . ^ [ae le ae ala PAI O yr a ишш ENBBEEE U7SEESRBESBSED)NURHI!REREBREEUESREREESGEBEBEBEREBEBEBEBEBEENREEEBBEBBEEBEBEBER- TBE'/|(BENENEE spat. | Ski BBE 
; AATCC L CPEE ee LLL REEL jaja] [Еши C2 CP A o I ES CJ E EJ [RS [efe AH ТТ н Миа и ОТ mu mmm BEBBEREHEBBEEEBREBEBBBEBEREEREBEBEBEEEBESBE"T"EEBUNBEBBEBEEENa 
4 H grs Ej) C163 IS E C3 mM 8 ГІГІЕЕПГІСІСІ ГІ ЕЕ ЛЕЕІЛЕГР ЕН ЗІЕРЕЛЕБ РІШ! анығы ҮСЕ HEHE BEBRL EBENE IBEEE BREI BURE IAEA ao E TEE СОО ИЕС OCC LI] 
ГГЕГІПМЕНІГІРІСІЕІ араа све INT Repo fash nf nf ao aja i IF Bg gl 94+ | ПОГ [41-4 BB Bu HE ҮЧЕ ЕЕС А t ТАО E L 
ТГ ш Еш ааш ТТ UT BEBBEBEBBEBSBEBEBEEB!IBEERE. iBER E SERES NEES EEBS EBBESB NES BEES L Тїгї Re !BBRREE ERHURBENEN 
Ти rr ra aloe alles) “ТИТИ ЕСЕ ОЕ ТИ BaSEBBERHEÁREBESREEEEEBEREBBEBEEBBEBBESEBSEBEREBEERE EBEBRBEBBEBBEBEBBEBBPEFUBENEEEEEEBBEEBE [LLLI 
8 @ Seco LE LM Өлө Е ш ШЕ ЖЕЕ) oben 3- iaa aora aa o n e [s Fn pm Hn Rs es | d enm im n E и ии СГ ا ااا‎ "ҮТ Г н н = II LIE 
mREREBBSEBHENUÓENEEEREGS:OOSUSODOJSSEBOUDJSBGUSIOOOSOOOUOOODOUDODOO РЕГ ГГ ТГУ rr ae J ИТГ =a КАТ вА АЦ 
РР ТВ COCOT OEEC ER НА 4 Тл Лл л ГТ CA ee g aaa Лү Г ш шш Т л OEA гг) 
TEE АТЧУ ЗУ СЕСЕ ПГТ TAM LT A + ТҮШТҮ HL AH gar rt РА ГПО 
ыш Кары! [Тт а аке аа Ct A | AAA LAA O AAA ге, aaa dial atracar a a aer opp LEL TTL ala Guage 
ӘТТІГГІТІСІТІГІГТГІГІ ааа уна арии ава ранавата aa ela majo n Ga 5 7 (89. E OEC I P I ти тиен O ا‎ ТО Пе м | | oa ЕР аи а т йа То [аш ЕЕ еш ш е кА таш OE шШ ШЕН С Г 
ТГ] a pt 4 "ТТТ ЛЛ rara ТИ LLC Г ШІРЕНЕ Тїї їл Л ГГ ЕСЕН [ма ү ДІ 
mma взовевавососевесороевеес сОшшоеососо Pe ae ГА ГОСТу | ПЕ Ги ОГ ACT Пиш n СЕТ ГІЕГІНЕГГЕІЕЕЕЕЕЕГІІЕ 
mum A o 4-4 HAT ЧСИ СОСЕТ ТЕЕ ПЛ Е "її лл Ам гето зо гр грг остра 
ТТТ ТТТ ЛГ едро а ЫЕ ша шы шшш аы шышы ҮГЕТ L И ae ССО 12400 псовообвобнопозовоссювепзавшосеа 
d a E5 m GE E C23 os BEEEC) ncm CO IE C) ECOSSE CÓ. CECI E ES EE 9 92]. (JT 3C LE) C I E E J ЕБЕБЕНБЕЕБЕ ajo aleje pa] HE ECE ot ЕІІІГІПГІПГГІРІІЛЕЕІГІГІГЕПГІЕНГІЕЕГІРШЕЕЕГІІ ЕРЕГРЕРСГЕЕРЕРЕРЕЕЕРІСЕРІМЕРІГГГЕРІБГІІГІЕРЕПРІІСІЗ 
HH mmc Gu + КГ Ре a eo IEEE C] LEE E C2 E] (2 E LEE C) C) ILU. CURE ILC. 7I E سبلا‎ III WII TRITT ІШЕШІГЕШ О ЧЕ РЕГ ИЦ 
mgmnuEBEREBEESERBNSÓESOSSEE C ел ГІСІ иіссіз ЕГЕРДЕ ЧІТІТІГІІТІТІТІТТІТІТТІЕІІІЛІЕКІТІГІГГІГІГГІІІІІІІ IR ТГ AMIA III IAEA CECI UA OTTO GM lll 
сїтї лү ыл ry tr BECC CEECEE EEL E | ВД s epe ds ps [s fos p m e Fe o айы s Ln nn A REIHE || للا‎ aa ae te at H [ЕЕ шж шы уч any en fo ЕЕ) کو لا سل‎ ae he т 
99060 3E а ее о О О ео аспоса AE EE ELE ПГТ СТ: а Таа араа рае аарцаг ELE ELIT GE 89777 C2 B) E EET a ре 2 OCT SLE LT E12 9. UU E C C9 
II TE CREO ELA لال اب ن‎ т ү л р 444 - Кт пазурі Е Туе р COCO Tadh gaama 
шш HH HH EBEEBBEJEARENNBEEEBEENEENEBBEESSEBESENENBEBEBEREEBEEBEESESBEBBEN! ОЕ ГОНИО ОООО ТТТ ГГ ы ш 
B "ТЇЇ С ГГ а ЫЕ Еа ыа шышы ТІТІПІТІЛГІТГІГІТІТГГІТЕГІГІГІЗІІ11! L-4 Н 4-4 тИ ИАЦ ПВ in Шш 
зовавевевезессореветоловеопос сзевоососсеосвссоосввосссвоопенево 00000000008 0000000001 000000: H-H CAOT LAST EL TLEL EU ] --+ Г IT | HH ا‎ aecogBmEESBELOOSBESBEBUEE DOORS rcrdi'SNEOES SEED BEES 
Hero ala Maja jaa aaa ES ТА ПОРТ ПГО ГТУ) E a CEIC КТ 
A 4H +4 mE УЕ [Ди [ү [ЕЕЕ ЕЕЕ (9 (9 LC). COL E23 FH--T АҢ л ҮҮ ы, н ү н ШШ РИО ТОТ L 
gaat анаа agBEHENEEZSENHEUOCUTOEERSGUEGWBENHESSDODEGOODHSOE у о |в |р ТТІТТІТІТЕТТІГІШГІТІ ПІЕГІ ИИТТПИЕГИТІТИПИГГИІГГИИИПІГГТІГІГІГІРІІДІІІГІ “р ү Ге aaa Se eee ASA III EI TI IT 
ИГ ГҮ ГЕШ раа о а о уу Ану] -HH IIIIII ГИТ. T -A EA -AHA LL ш ЕЕ шыс. pos s n n dos jn n ІТТ Ne ПОЛО ОГ 
LH ULL СЕЕ ГМ | e ha o 7 4 orri СЕСЕ СЕНЧИ ТЕТО J = jf ГГІТІТТІТІГТІШІГІПГІТІТІПІТГІЛГІТТІТТІТТІТТІЛІІІПІГІГІІІІІТЕТІССМІЛДІГІШТІІЛГІСІЛГІЛ mE cMOGEEUO 
| CLIT LEL ау зај A kaad CIRT TOTO LIA ALAS TA OLE жишш cala jajajajajajaja од Ша jajajajajajaja alles aaa slam ea 
ГТГ ый ыы ГГ ыы ТТ “ИЛ + ү ыл; ш л | вяра ТТГЕГТТІТГІТІІІІТТІІТСІТІТІТІГІІТІГІТТІТІТІГІШТІТТІТГІТІТІТІТІРІГГІГІІГІТСІШСІЕІІІІДІ 
РАСТЕТ! Мы ТЇТЇГЇ үл IAS CA LT naaa aca aaa aaa ЕГ ся mim | on n em oo os | pe qm т тл laa fa] 
aH HH А ipm c8 8 3 OE) OUS ы Мм ш A BHEBERBEEL BEBE BERHE EHBREI Шөн Г ДГ Л Г н | ааа јав араја ГТ И Г БЕ іг ізге | ТЕРЕ ЕСЕГЕ ЕЕТІСІРЕІЗІРЕГЕІ ІЛЕ 
Гатар ари ај EHBEEBEBEBESDSFENES:TSERGU.-U BEGUN SOS EEUU Тїї үл Г лл IA TE ТИТИ LON ПГТГЕТТІТТІГІРІТІТІТІТІГІТГІПГІТІІТІТІГІІІЛІГІГІІ ГІІГІІІІІ  ЭМІТІТІТІТІТІІІГІЛРІЛГІІ. 
СГТТГТГГТІГІГЕЕСТІГЕЕЕГЕСІЕІНЕРІКІСІЛІСІРЕИШЕЗІ [on Fen Fon n [o (o [i BEBE EB E EB ATOT лт ELLI ГГ BERE ПЕТЬ FETO AAA AAA OOOO CACAO 
“її ajo ra sa aaa па са аша Шы) HH bo 442 ТТТІТГГІГІГІТЕТТІТІТТІГІТІ ТТТҮЕТТІТІТЕТІШПГІІТГТІГІІГТІГТІТІРГІРГІРІЛІІДІ HH DT Fan Fe о Fen n ro ее ее Le оо биде отит 
взозевосвоввесосвшве сеосопопдео IR EE ш а LL ELEY ELISE ТТПТТ ҮТ ТГ Г ТЕЕ 1 ЕЕ ПИ ие Ге Г т Per Гы ТА 
тїї ТЕТЕ ч TTTTTTITCULLLEULLLLLELLEELI LILLIA Г н ү ا‎ И TI BE ELT ЕГ ЫЕ Г Т ГЕ ЫЫ ТЕГ а ТҮГҮ ГЕ КЕ O 
г тї ЛГ Н ГМ 007 САС TIA ТЕТТЕ O ТППЕ АО ТТТ] 
ГАПТИ carreras caos lat] ТИГТ КИГАН Л ШШШ ы барак рыр a (2 D. Er CTT 
uBEEERESSBREENEBEEEHUÓBSU-^P ajajaja area aaa la | [ella МГ ип о OA EA ЕТТЕ |Б а О ш Та а РЕ Тук 
РЕГ Го реа оу О аша Шела HH ГТГТІГГІТІІТІІГТІТІТІТІЕІТІІІЕПГІ ТІТІІІГІІГІ ПІҮТІТГТІГІШІЛГІГІ!! oe тїї СС СОЕ ОЗЫ ПЕТ 
"ТЇ ЛЛ ЛГ a аја ТАГ tt Н "ТИШТИ Л л T ео у ЕГ ІСІМЕ ЕЕЕ ЕЕ el elle el) fea gc) Oe | 
ГГГЕГІГІЕЕЕСІЕІРІШЕ ЕБ) HILL ти лл Л ү TTT aT 4 14 И ПТИ ТГТУ ТТТ ТЕТЕ [ТТТ г ШШ 
ELLI CI LE mma ТО asado ар о ор n n Hd тт гг ү gl. ГЕТТО OO 
"Torre ГГЕЕТГІІШСІЕГ Теа аа ва нш (кісісі ЕТЕ с гү m m o n fn [nn ИЛ ГЇЛ Т ү л н LET Пе ГО ОТК 
E III ГОЧ РЫСЕ ОЦ n] ГІСА ТУРТТУ ТЕ А Saa aa aaa aaa jaa eg ee fey ee) eee ella lo alls) 2000000006 
ПТ л Л Т ГЫ ЕШ е eles МАТ Ыы ТТТ LP ESE | +4 шиш se ТТ EBHBBENBIIBEBERBEERBSEREBEBEREBEBEEBEBEBEBBES BEBEBEEEBEBESBBEBEREBEBESESEBEBE ОИ 
Г Т ГГ КЫ ГЕ ШШ TTL ө Л ы К i rae LU П ОТВЕТ ГГ! Г Г Add Fe свазаопопвоспосвюеосопоевовововевсоовево совевессовайбомеовмен 
"m mEnCEERNEEBEREREGMEUUSSCC-E "EmIREOLUUC- у о alo Niel aaa aa a ala cial aa eo carlo ao lalala als la Sal ELE EEE EE IEEE oe eof | peas m CO 
ERSEEEMNENBEBRBEEBEBBEREBESAL"SSENEBESEEBBE.-"RESSEEBSEEBSEREEBEE РР, РЕЕСТР Те n ps o pos ort Ер ЕБ Г тыр түтөт нений TIE 
TTT АД ГЕ eg Tee Seele lese ГГІТІТТІТІГІТІТІГЕШІТГІТІНІТІТІТІШІІІНІІГІІІГІТЕ ДАО ОПТА LL EH | т ГГ [- T [so perpe pe [so ЕТТТ БҮТҮҮ 
TT) UL Н шш BESSERE "EHE BEBHEBBEHRERE ГГ: ТІТПІТЕГЛІЕТІНІІГІ ГІТ ЛҮ Н Н LLT ЕЕ] @ [Ей Б ЕВ Ей Г] Ей Ей рајата шш шшш шю @шш ши шшш 
"їл rara lalala її мл лл Үү Дл ү л NB завеспзапесосвеге споеопверергасспосшвессовюроссвосовен ТПП ОК 
ГГ ee Тїї Үлү лл ee соо ова тїтїгї түл Л Г ш н ЕЕ ЕЕС ОСИ 
Г РЕ rr ral ara [1] ЕШ ЕЗ ЕП ГЕ ЕЛ ПЕ Деревни е Те [е PU I LIII LIBE, |! --- TATALI TRI] mens erste [up а зрее ера а ЕГ ГЕ Г ж ЕГ ГГ ЕЕ Еа ЕМ аша ылыы ЕЕ ҮҮ еы араја] @ @ @ ЕЕ) @ @ йш ај 
[Lo ges spe son = +44 СЕЕН ЫЕ Т HT SES ПГТ ТИТ ГАС ССС шш СОТО | 
FOO etal a) ole ke alle а ЕЕ ын REE | всоввюверс п овепювево ГГ ТИ Г СЕ ТРИ ТИ НН авос сашагозвввесеоосвеввосевевесовсоревовевео сзбвеерево ПВВОПО ПОП ОО ШШ 
|| шашип нинин шшш ишш опи ГТІІТГІТІТІГІТІЗГІГІНІГІІГІІГЬ| Lp tt И Це А ӘТЕІПІІТІЗІТТЕІГІІГІТІТІСІІРІ ІІ! а Е Ч IH HH ААА АА iaa aaa lla lalola Ela o GUCONE IEEBLES EU IL ILCO 
ajajaja КГ Га ГГ jale Ta COU feel ELO RENE. UERBESENS EBA/ (BENI ГГТУ ГОГ ера о о EPR ТЕТ 
мА, ET TI I | ftp a Є+-- SATA AAA LAA A A IATA IATA INIA TIEN TT TU Е tala lapa Г oleaje EC 
mu СЕТЕ у ааа (атаа јараја irreal Т ГГ ال اا للل‎ ПЕ А n ENSIMA IIA IT ANITA LLT ГТ ү AAA O 
HE Y A РЕГ Г aa ЫКЫ HN mem |-- [ТЕТЕ | UE Е ЧА Л ш A O A] 0000000000 0000000000 
Г {г ГГ Ге ет ш ш ш шш тш ЕГ] ш] ПР. { Г] г. Үй ЕЛ їз єй їй јаја ШЕ ЕЕ BIS ар ГГ Н UO ДР CL dl ba КПГ A Тт лл ГЕТЕ И ТТТ 
POTD LLL fe rra aa ar aaa je jejeje lala! BBEEEBBEEEBB.-EBEESEBBESESESEBB!REEBESENEBN.*"EN.EBEPRERESBBCOBEBEBE VEBENNA YSEBBA CBEB aaa aaa al aa aaa ÁIEBECOOSEEDCOGOBEE EDS GU C] CO O II ED CD. 9 € 
ГТГ Г реа аве [7] spado ien] ptt НИ ao A a n en pn түт Ы! SAO ГИГА ТЕМЕ ТА L O POL J] кои [ж ГГ = ЕЕЕ Г ТЕГ ТЕ арш уе 
ИШЕ РІГ араа ааа [ааа азер aaa as үиү И Оч TTT IV iil I NTT ATT a | 1 | et МИГ ГГ ТГТУ 
Г] 


тт ааа Te НЕН FF ARA HARO SN SAA HASTA МАЕ: 
SCO oe eee PAR RARA AN OA CESA CHA ES HH ТЫНЫ її ERECTA 
HH HH n Н нн К No ТА "БМ GA A ГЫ AIT ААА ТЫ ааа АА ААА 
т TLL LTTE LO TITTY eo SOs oS PCLT Lie TIO 
ATP LAA SS ee TASA ESO т ааа ала 
LELE AOR HHHH HHH HH POLLEN OLE ANIT ISS Se RATAS SAA AAA A 
СЕ HA Ap ARA т ИШЕГЕ И EEE ОА ААА A ЫТ A AAA AA A ше ОЕТНЫ 
ЧАЦЕ АЧ ГРЕЕЫ аА ТАА А А 
в Ры ГЕР ЧГ "ГЕДЕР ГЕП мел ы PITA II, 
в TREA ГЕП A RS СЕРР ASAS ГРН Se ee ee 
AAA Oo ss ГЕН ee T A O ede ET ee or 
ДА л ы ГЕ ЕЕЕ AA т TIP LL T EM ta AAA A I T 
-ttt nona TTL S реа SS AAA ia ECO 
ttrt TTO ГЕЕВ ЕЕЕ НА аны ааа HA AAA Ре - 
HN ННІ ИТТЕ НИТ Frets агаа 
а HA ТЫН R аттама та ааа Ы ТІГЕР ЕРТЕ лы be = ын „ем 
-LEEEHHHHEHH-HHHEHHHHHHHHHHHHHHHHHRHE РЕЯ ӘННЕН Ааа ЫНА ТН ww A ттын TT TT TITTI T SA 
ГІІІТІТІГІГІТІТІТІІЛГІ а-а-а ыы ПАНА РАНА а кые Три M om el a A „СГ ТЛ 
=: Г тн ean | mE E eRe a a = m > 

л PEPE EE S HHHH ТТЕ ЕК ТТЕ ыы ЕКА == = ЕЕ 
Наннан ННІ НЕН ЦАРЕ ЕНІНЕН: 

| нн ج ج‎ rm | 
! Гата Тара 1 44-599 LH TASA لايل دل ا‎ ыиы ыа iuum m НЫ ل ا ليل‎ + 14 ET ыы اا اا‎ 4-- 11177 
шш шш т тшш койш шс Г) ЫШЫ 15 Ыг ТЕР ТЕНЕ АЧЕН ЕЕН ЕЕН Ен HH ГЕПГІ лег ыс AAA RARA eee 





звовезевсосевесеосоверен HEr HHH O ee HH LITT Sala esla arco PEE lr CEE 
OOO PE PE ea ajajajaja) дм АЫ ЫГ ТАЛЛ Ыы ІП ЕШ АЈА У-У НЕА АНА 
AAA Н м л СЕГРЕ TEE LET PROL RARA A PB ЕНГ. PINT II III ICI IIIT Try 
ГС И ЕГ а ЕЕ HH HH HH HEHE Наи 6 BBEBEBERERSBSBEREBEBBESGIBREEBERBESS ТОПАДа ата тасада ТТІ ТІ. 
Г] BESE Тора оо al EEE REE SEES EEE НЕН ЕК ЕЕ ННІ: 
ГТГ rre ral ГЕНЕ ЕНТ НЕЕ НЕН. ввезесесововсесоссосювоввес 
AAA A ое О О оо ИО ET EEE ala ӘННЕН Л гг LLL 
wrr H rrtt Tttt Ttt Otra anaa e e a aa Tninine її BEBEESBESC 
Hr a a zzz шша ыы ГҮ ттт 
AO A y y U ra HH ГГІТІТІТТІТІГТІГТІГІІТІТІПГІТІТІТІ emeagspHHDHDUEBDNECHOOODOODSSEOBSGESEECUD]),SSO]D)SDSEQSOESNGNNNE BERENENEPG 
ЕРЕСИ оборо о о а lalola EBBBBEBEEEBEBSEEBBEREESBESRREBBERESESERREEBSEEBREBBEEBEBEREBESBSEBSNS 
AH RARE pg HPA AAA A HH AAA AI Н Т Н її її л Н НН н 
ЕГЕС ЕСЕ Е ЕЕЕ ааа иаа Л PH PH HH HR HH HH HH и 001101 -ГІТІГІТТІТТІТІТІТІПГІТІТІТІГІТІТІ ІІТІПІГІІІГІ  ІІІГІЛТААҒГЫИЛИЯСО 
-“ГІГТТІТІГІТІТІТТТІІТГІТІТІГІТТІІТТІГІГІТІГІГІГІГІЕРГГІЕГЕГГ ЕЕГГЕРБЕЕЕГЕРЕГЕГЕПГІГІЕІЕ ЕГІ ИЕ ooo le olaa clap HI IAS an 
LAA A A AA A Л ГЛ ЛГ Г ГГ Г ГЕН ТИЕН НЕЕ 5995-55 
пСО СЕСЕ AECE НЕН НИН ЕЕ НІНЕН Г A HH пп TEO 
ЕПА СЕРЕГЕ OOO -LEEE-HCHHHHHHHHHHHHHHHIHHHHHHHHHHHHHHHHHE BBEBBEN AI ООСС 
УНГ Н н НН К E ERA EA СЕГЕ ШО 
TTT CTT аа LLL LILLL HH ATI OCA AECE ш ATA IA AAA ALA OOOO] 


33 


To show that the choice of the device is important both for high 
efficiency and for large output power, a similar device with somewhat 
different characteristics was chosen. The output characteristics of 
the chosen device are shown in Fig. 13 and the constant current charact- 
eristic-curves with two operating lines superimposed on it are shown in 
Fig. 14. Following the same procedures as before the results in Table 
3 are obtained. 

An examination of the two illustrations above reveals several 
advantages of the MOSFETs as well as some of the drawbacks for use in 
a conventional class-C r-f amplifier. 


Table 3. Results of amplifier performance for two operating 
conditions chosen (FN1024) 


V. E V P. P 
S 
D» 5 i L | wee. | ве ОЕ 
(volts) (volts) (volts) (mw) (mw) 
2 19.7 


High eff. 
decreased 
Miller ef- 
fect 
Voltage 
gain = 1 





12 10 г .845 






From the extremely high input impedance characteristics of the MOSFET, 
the excitation power required is very small and the driver stage can be 
a simple voltage output device with very small power. By proper choice 
of the device, class-C operation can be achieved without biasing, thus 
enhancing the overall circuit efficiency. This effect can be seen from 
Fig. 10, 12 and Fig. 14. Proper combination of Урр апа Е reduces 
Miller effect for high frequency application, since voltage gain under 
this condition is approximately unity. Among the drawbacks of this 


device are its small power handling capability with present production 
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MOSFETs and requirement for a high excitation voltage. The disadvan- 


tage of a high excitation voltage requirement can easily be solved by 


employing a tuned input circuit. This scheme is possible due to the 


high input impedance characteristic of the MOSFET. 
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4. Pulse-Excited R-F Power Amplifier Circuit 

It was mentioned in the foregoing section that the junction field 
effect transistors are not suitable devices for conventional class-C 
r-f power amplifier circuits. The main reason for this is the inherent 
operating limits of the junction FET. These limits, however, can be 
eliminated if the device is used in a pulse-exéited switching-mode r-f 
amplifier circuit. Again the gate biasing is not necessary but the 
problem of generating asymmetrical excitation pulses arises. In the 
following study, the operating performance and the design considera- 
tions of the pulse-excited r-f amplifier stage are discussed. At the 
end of section, a design example is given using a Crystalonics' power 
field effect transistor CP603. 


A typical parallel tuned circuit configuration is Shown in Fig. 15. 


N-channel FET 


-V 





Figure 15. Basic tuned Amplifier Circuit 
The tuned circuit connected in the drain circuit of the device is 
very seldom, if ever, a simple parallel arrangement such as shown in 
Fig. 15. For proper operation of the device the required impedance at 
the device output terminals is fixed, and the actual load impedance is 


generally also fixed by external load conditions. Although a more com- 
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plicated circuit is connected to the device output terminals to perform 
necessary impedance transformations mentioned above, the coupling net- 
work and load can usually be reduced to an equivalent simple parallel 
tuned circuit at a particular frequency. In Fig. 15, Ка includes the 


coupled resistance from the actual load. 


The loaded Q, Qj, of the drain tank circuit, W,L/R e ; Should be 


r 
high enough to provide reasonable discrimination against the harmonic 
components contained in the drain current pulses. In practice, Qi, of 


10 represents a typical value (1]. At the same time, the input impedance 


of the drain tank circuit must meet the device operating condition, 


E 
pci (4-1) 


141 
where R, is the impedance at resonance, Ед апа 131 are the amplitudes 
of the fundamental components of the drain voltage and current. Езі 
апа Ізі will be determined in the subsequent development. This value 
of input impedance is related to the drain tank circuit components 


values and Q, by the relation (5] 


R, =Q. | = == === (4-2) 


From these relations, the value of the input impedance required by the 
device can be obtained by simultaneous selection of Q, and the L/C ratio 
of the tank circuit. 

For the determination of E41 and lar and the evaluation of the 


performance of the circuit, the gate input voltage, drain current and 


drain voltage wave forms shown in Fig. 16 will be used. 
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Figure 16. Gate Voltage (a), Drain Current (b) 
and Drain Voltage (c) Wave Forms 


The value of Тр is obtained from the manufacturer's specification 


sheets. The average value of the drain current, I, is given by: 





= et. (4-3) 
Т 
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where T is the period of input pulse and tj is the conduction time. 


The amplitude of the fundamental component of the drain current, Tap 


is obtained from the relation: 


Ju 
: UE 
y=% {4 COS mt dt 
E 
E 
t 
س2‎ 27 
=. ШЕ оа 
Кы ad 
р 
pla 
———— 


(4-4) 
The amplitude of the fundamental component of alternating drain voltage 
Ea1 is: 


SL. | Yon! ye сс 


where V, is the saturation voltage across the device during maximum 
current conduction and is dependent upon the value of saturation resis- 
tance of the device at a particular Ip Substituting equations (4-4) 
and (4-5) into equation (4-1), the load impedance required for the de- 


vice operating conditions is obtained in terms of known quantities. 


zum 


m 1d1 


ц ве 
Lhe ee 
7 T 


or 
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7L (Vp - V&) 
я TE 


К+ = 


To evaluate the performance of the circuit, the drain efficiency 


is examined. By definition the drain efficiency is given by: 


А PL 
Drain eff. = 
Pin 


where Pi, is the dc power supplied to the drain circuit and Р 15 їһе 


ac power output. 


Dom = Урр I 


Substituting equation (4-3) into the above relation: 


Pn = s lp асл) 


Output power is given by: 


where Ра is the power dissipated in the device and is computed by the 


relation: + 
e 
P= = Vy lg dt 
Pg 
2 
2 
=< Je [Vo - o) cos Et) dt 
2 
- | t = N см PF 
y [boto T 53 | T b 


(4-8) 





I, 
f= (o) sin Zt, 








T 
(4-9) 
Therefore the drain efficiency is: 
1 7L 
— (Voo-%) sin T t, 
: C 
drain eff. = +. 
bolp F 
_ _т(М%ь-М) ein Z + 
€ мл SS 
Z РТ. 4 (4-10) 


From equation (4-10), it is seen that the smaller the value of ty the. 
higher the drain efficiency. Also the drain efficiency is dependent 
upon the saturation voltage across the device. Hence, a device having 
small ve is desirable for this type of operation. 

To illustrate the foregoing discussion a circuit example will be 
‚given along with design procedures. 
Assume that an r-f power source of about 200 milliwatts output to 
А " 220 ohm load at an operating frequency of 500 kc is to be designed 
using an FET. As mentioned at the beginning of this section, the load 
to which the specified a-c power is to be delivered is thus fixed. Since 
the drain tank circuit impedance required for the proper operation of 
the by circuit is also fixed by equation (4-6), the drain tank circuit 
including the: specified load must satisfy relation (4-6) and at the 
same time optimum power must be delivered to the actual load with mini- 
mum dissipation in the intermediate connecting circuitry. For a first 


approximation, assume that the coupling circuit efficiency can be made 
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very high. This assumption is reasonable since our load is reasonably 
large compared to loss resistances associated with the L and C coupling 


network. From equation (4-9) 
о Д 
E =Voo-Ys ) sin to 


Choosing a conduction angle of 7/2 or ty = T/A, 


R=(Wo-%) I " 


(2 ЛЕ, = Ip (Wo -W%) (4-11) 


Any device which can satisfy equation (4-11) will meet the requirements. 
In this example, however, the FET in hand, which is a Crystalonics' 
CP603 junetion power FET is used. The Ip given in the specification 
sheet is 180 milliamperes at UN 0, Vos * > volts ="V¿. Without 
further calculation, we can immediately see that ars device will give 
poor efficiency because of its comparatively large saturation voltage. 
Again referring to the absolute maximum ratings in the specification 
sheet, Vpp * 10 volts will give the required output power. A drain ef- 
ficiency of about 50% can be expected, which is very poor. If, instead 
of a CP603, we could find a device which has a — of VOS "BOT 
instance, "e 0.5 volts, the drain efficiency would be about 86% as 
determined from equation (4-10). 

The load impedance required for the device operating conditions 


at the desired resonant frequency is obtained from equation (4-6). 
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Since this required tank circuit impedance at the operating frequency 
is very low compared to the external load, an ordinary parallel tank 
circuit with impedance transforming, used in the conventional high out- 
put impedance circuits cannot be used. However, as can be seen from the 


relation (4-6), В, depends on. әк = Уз) and I, with to fixed. When 


P 
this relation gives a very high В, compared to the external load, an 
ordinary parallel tank circuit can be used. In this illustrative ex- 


ample R, is less than the actual load and therefore another impedance 


transforming circuit shown in Fig. 17 will be used. 


en L 
, O 
C RFC 
v(t) IF 
2 C3 Rx, 
0 Ry Ф 
y 

DD 

-10 e 
Е O 
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Component values: capacitors in microfarads 


Cy = .02 C3 = .0376 

Rı = 22 megohm Ry, = 220 ohm 
ВЕС = 3 mh; .7 ohm Ут = 10 volts 
1 = 3.74 microhenry Co = .0965 


Figure 17. Circuit for design example 
This 7 -coupling network is adjusted to transform, at the operating 
resonant frequency, the 220 ohm load to 33 ohm as required to match 
the impedance of the device. This particular coupling network has the 
advantage of better harmonic Suppression characteristics due to the 
shunt-capacitive arms. The design procedures for this impedance trans- 
forming network are found in many standard text books. Essentially 
this 7[-network is considered as two back-to-back L-networks and after 
calculating the input and output L section of the 7¿-network, the series 
elements are combined to give a 7[-network. This equivalent relation 


of the L and 77,-network is shown in Fig. 18. 


L1 | 12 | Пед } 
а | E == 4 Г 
Figure 18. Back-to-back L network and 
equivalent yf -network 
Choosing the value of Q = 10, for reasonable harmonic suppression and 
relatively low losses in the L-C circuit, the 77 -network component 


values at the operating frequency are computed according to the pro- 


cedures given in the reference. [8] 


The efficiency of this amplifier is limited primarily by the large 
Saturation resistance of the FET. Compared to conventional bipolar 
transistors, switching FETs were POE to have very large saturation 
resistance. Since this resistance is an inherent device characteristic 
and the power dissipated in it cannot be avoided, the device efficiency 
in this application is very low when compared with bipolar transistors. 

Therefore, consideration is now given, in the following section, 
to another use of FETs for solving the problem of efficient r-f power 


generation. 


45 


5. Hybrid Circuit Application 

It was found, in the previous two sections, that FETs in their 
present state of development are inferior to conventional bipolar 
transistors for r-f power generation as far as device efficiencies are 
concerned. However, as in the many other circuit applications, field 
effect transistors can provide advantages over bipolar transistors used 
alone, when FETs and bipolar transistors are used in combination. In 
this way certain superior characteristics of one type to the other may 
be selectively employed in a combined circuit operation. One FET ap- 
plication of this nature is investigated in this section. 

Ordinary bipolar switching transistors provide far better device 
efficiency than present switching FETs, and the power handling capabil- 
ity is also better, at least at present status of device manufacturing 
. and circuit design. It can therefore be concluded that an FET r-f power 
generator is inferior to the bipolar transistor counterpart as far as 
its efficiency and power handling capability are concerned. However, 
with the bipolar transistor alone, one of the r-f power generation cir- 
cuit design objectives of low excitation power requirement is aa ced 
due to the inherent low input impedance characteristics of bipolar 
transistors, unless some other compensating scheme is employed. 

For the compensation of this disadvantage, a high input impedance 
field-effect transistor can be used in the input circuit of conventional 
device r-f power generator in such a way that the input impedance of the 
whole stage is high. To justify and illustrate the above statements, 
an actual working circuit model is given below with laboratory test re- 
sults. 


The final amplifier stage used here is the series-tuned switching- 
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mode transistor r-f power amplifier circuit developed by Dr. Ewing in 
reference 7. This circuit is chosen since it gives the highest possible 


efficiency among many other existing circuits. This circuit arrangement 


7% 


A REC 


is reproduced in Fig. 19. 


C SOOO f ^ 
v(t) 1 | 


O 
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Figure 19. High Efficiency R-F Power Amplifier Circuit 
Configuration (Reproduced from Reference 7) 


The extremely high collector efficiency provided by this circuit 
configuration may be combined with a very high input impedance FET 
excitation stage which requires very low excitation power thereby in- 
creasing the power gain and the overall efficiency. The illustrative 
circuit model with its component values is shown in Fig. 20. These 
component values are obtained from calculations using the design for- 
mulas and detailed adjustment procedures given in the reference. The 
FET in the input circuit is chosen by considering the following required 


and preferred conditions. 
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ep 
R1 
RFC We 
й Ә > 
v(t) | қ М 
TR2 e 
с | Ry. 
TR] = FN1024 TR2 = 2N697 
C1 = .02 microfarad L = 30 58 microhenry 
R] = 22 megohm .36 ohm 
Ce = 1360 pf Кт, = 27 ohm 
G = 3035 pf RFC = 3.053 mh; .686 ohm 
VEE = 8 volts Е = 500 kc 
Vec = 8 volts 


Figure 20. Illustrative hybrid circuit model 
For this circuit to be excited by a sinusoidal input voltage, 

which is the most easily obtained wave form, the transistor TRl should 
be an enhancement mode FET, preferably one which has high transcon- 
ductance Bfe and has output characteristics giving a steep-edged drain 
current wave form of about 180 degrees of the input signal cycle. [7] 
The current rating of TR1 must be large enough so that it can provide 
.TR2 with sufficient base current to achieve saturation. The reverse 
breakdown voltage and transconductance must also be large to give this 
current saturation condition. For this particular circuit configura- 
tion shown in Fig. 20., TR1 must be a P-channel device. 


The selection of TR2 was done primarily in accordance with the 
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conditions specified in the reference. In addition to these critical 
operating conditions required by TR2, it is desirable to have a high 8 
for higher overall dc to ac power conversion efficiency of the stage. 
The above mentioned criteria are met for both transistors used by 
the author; a P-channel enhancement mode MOSFET FN1024, and a 2N697 NPN 
switching transistor. This circuit was built and tested in the labora- 
tory. Figure 21 shows an oscillogram taken from an oscilloscope type 
AN/USM-140 equipped with a dual trace feature having 10 megohm-10 pico- 
farad probes. From this figure, the peak load voltage Vj is found to 
be 6 volts. The peak collector voltage across TR2 is 22 volts which 
is well below the measured BVog of about 35 volts. The measured dc 
current with 8 volts Vcc was 90 milliamperes, giving the total dc input 


power of 720 milliwatts. The power dissipated in the RFC is given by 


Рррс = ( 90 х 10”? )? x 0.686 


5.55 milliwatts. 


Therefore, the actual input power to the collector circuit is 714.5 


milliwatts. The peak load current I, is 


6 
DL = = 0.222 amperes. 





The ac power delivered to the load PL is 


Рр = см Е 566 Liwarts 
2 2 + 
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Figure 21. -Oscillogram of Inverted Load Voltage zy 
and Collector Voltage v, 


Ы 


Neglecting the power lost in the distributed resistance of inductor 
L and the capacitor C, the collector efficiency of the amplifier is 


calculated to be approximately 


666 
ef fe ORO xm Qus 
714.5 


To see the advantage of the MOSFET in the input circuit, the 
excitation voltage and current were monitored. An HP 650-A test 
oscillator was used as a sinusoidal source. The peak excitation volts 
age Es was 9 volts and the dc gate current flowing would not deflect a 
100 microampere full scale ammeter, therefore the excitation power is 
negligibly small compared to the output power. This very high input 
impedance excitation stage suggests the possibility of using a tuned 
input circuit configuration as was mentioned in section three. The dc 


power supplied to the FET was 4 ma. at 8 volts or 32 diilliwatts. There- 


fore the overall stage dc-to-ac conversion efficiency is approximately 


v eff. = _666 = 0.885 or 88.5 %. 
720 + 32 


This overall efficiency can be further improved by proper choice of 
devices, TRl and TR2, and circuit component values. Among other 

things, the ratio of saturation resistance of TR2 to load resistance 
must be kept small.[7} In this illustrative circuit the measured satura- 
tion resistance of TR2 was 9 ohm at an In of 200 milliamperes. There 
are many switching transistors commercially available today which have 
saturation resistances, at the same Ip, of a fraction of mM m This 
effect of the relatively large К. of this illustrative circuit appears 
in the oscillogram of Fig. 21 as a noticeable voltage drop across the. 


transistor during the conduction period of the signal cycle. 
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If a larger 6 transistor is selected for TR2, a lower current 
rating FET can be used which, at the same time, promotes overall stage 
efficiency. 

The circuit can be operated by a single voltage power supply. 


Figure 22 shows this single voltage power supply hybrid circuit example. 


+ 8 volts ар 4 


ар” 
- 


22М $ 3.053 mh 


0.686 ohm 
. 02 . 
ср аг + 


FN1024 


3035 pf 30-58 micro henry 


2N697 1360 pf 27 ohm 
Е = 500 Кс 


Figure 22. Single Power Supply Hybrid R-F Power 
Generator 


The performance of this circuit is as given previously. 


52 


6. Conclusions 

Although the unipolar field effect transistors possess several 
advantages over conventional bipolar transistors, this study reveals 
that when used alone as an r-f power device, FETs are inferior to the 
conventional transistors as far as the device efficiency is concerned. 
This conclusion is based on the study of publications available to the 
writer and some case studies of applications of the devices. It should 
also be mentioned that the above statement applies to the present status 
of device manufacturing and design technique. 

The low drain efficiency is primarily due to the large Saturation 
resistance and hence the saturation voltage. Another weak point of 
FETs as compared to standard transistors are their low power handling 
capability. At present bipolar transistors far exceed the capability 
of FETs in power handling ability. 

Notwithstanding these disadvantages, the case studies show several 
advantages in certain applications. The enhancement MOSFETs can provide 
class C operation without biasing. The excitation power to an MOSFET 
power amplifier is extremely small and could be operated from a tuned 
input circuit. 

The most advantageous use of FETs to r-f power generation, which 
is the primary objective of this study, is found in the hybrid circuit 
application of the unipolar insulated-gate field effect transistor and 
the bipolar high-efficiency switching transistor. The extremely high 
collector efficiency of the conventional switching-mode transistor r-f 
power generator when excited by a high input impedance MOSFET exciter, 
can enhance the overall stage efficiency with negligibly small exciting 


power. By choosing a high fms high 8 , low Ra switching transistor and 
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a high transconductance insulated-gate field-effect transistor combina- 
tion, an r-f power generator with very high dc-to-ac conversion 


efficiency can be designed. 
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